The deformation behavior of thick Al wires and the expansion behavior of the bond area during ultrasonic wedge bonding to AlSi, Si and SiO 2 substrates were measured simultaneously in detail with a high-speed measuring system. The deformation of the wire by the application of the bonding force is completed immediately. The deformation restarts by the application of the ultrasonic vibration. The deformation induced by applying the bonding force consists of only elastic component, whereas that by ultrasonic vibration consists of only plastic component. The Al wire is not work-hardened by the plastic deformation during application of ultrasonic vibration. The adhered area expands to the direction perpendicular to the ultrasonic vibration. The evolution of the wire deformation behavior and the expansion of the adhered area show an intimate correlation with each other.
Introduction
Ultrasonic bonding is commonly used in connecting wiring materials to pads on semiconductor chips and to outer-circuits. 15) The technique forms solder-free direct interconnections at considerably low temperature and within a very short processing time. 1) Thus, sound interconnections formed by ultrasonic bonding perform high reliability at high temperatures. This feature makes the technique irreplaceable for wiring electronic devices used at high temperatures and under high thermal cycle conditions, e.g., heavy-duty power electronics. Power electronics is becoming more important than ever as one of the key technologies to improve energy efficiency of electric systems. A representative success can be seen in regenerative braking system installed in hybrid vehicles. 6) In this way, application fields of power electronics are broadening rapidly and the demands on them are getting severer. To fulfill the demands, the wires are getting thicker. Each wire interconnection must guarantee extremely high reliability, since only one failure in the connections will halt the entire system. To achieve such a high reliability in manufacturing, in-situ monitoring of the bonding processes and rapid feeding back of the judgments to the processes are required.
79) Therefore, correct understanding on the phenomena occurring at the bond interface during ultrasonic bonding is required for precise control of the process.
Up to now, several approaches to the ultrasonic bonding mechanism have been reported. Harman and Albers have reported that the adhesion always initiates around the perimeter of the surfaces in contact. 1) Their results indicate that the frictional sliding occur only at the periphery, instead of the entire contact area. Lum et al. have investigated the adhesion behavior between Au 4) or Al 5) wires and Cu substrate in detail and proposed a model which describes the ratio of sliding and stationary area. Their model predicts that the entire interface sliding is achieved by setting the bonding parameters with low bonding force and high ultrasonic power as a function of the static friction coefficient of the interface. Shah et al. have implemented in-situ measurement of shear force applied to the vicinity of a bonding pad during ultrasonic bonding and derived the ultrasonic friction power. 9) Their results showing four stages of interfacial sliding provide clear insight of ultrasonic bonding behavior. However, the reports cited above have used fine wires. In ultrasonic bonding of thick wires, Maeda et al. have reported the enhanced formation of oxide particles at the periphery of the bond area, which was not seen in bonding of fine wires so far. 10) The present study has been implemented to elucidate the contact area expansion behavior induced by deformation of thick Al wire during ultrasonic bonding using high-speed measurement and observation techniques: a 2560 kHz laserDoppler vibrometer, a 50 kHz laser displacement sensor and a high-speed video microscope.
Mechanism of Adhesion and Expansion of Adhered Area
Generally, ultrasonic bonding proceeds at temperatures lower than the melting points of both wire and substrate materials, i.e., in solid state. Solid state bonding process can be divided into the following two steps. One is the step to form chemical bond. This step requires adhesion-preventing layers such as adsorption layers and oxide layers to be removed from the surfaces to be bonded. The other step is to make the two bodies to be bonded approach to each other into an intimate distance sufficient for metallurgical bond formation. In this step, the gaps originated from the roughness of the surfaces prevent the approach. Therefore, two bodies going to be bonded need to be deformed locally in the vicinity of the interface to fill the gaps.
1113)
In ultrasonic bonding, the former step is achieved by scrubbing the bonding surfaces with each other. This step is named the slipping step. In the early stage of ultrasonic wire bonding, the wire slides on the substrate with a very narrow contact area. The roughness of the surfaces will affect the stress applied by the frictional relative motion. In the case of successful bonding, however, the stress is sufficiently large to smash and disperse the adhesion-preventing layers, exposing fresh surfaces in the vicinity of the contacted area. The contacting fresh surfaces of the wire and the substrate will adhere immediately.
The latter step proceeds predominantly by plastic deformation of the wire, since it is generally softer than the substrate. Takahashi et al. have indicated that the faying area between a wire and a substrate increases by folding the side surfaces of the wire on to the substrate. 14, 15) Therefore, the step is named the folding step. The deformation is induced by the stress arisen at boundaries between adhered and non-bonded areas. The ultrasonic motion of the wire at adhered areas of the interface is strongly constrained, whereas the non-bonded areas tend to keep scrubbing. Shear, tensile, compressive and torsional stresses will arise at their boundaries depending on the angle between the direction of ultrasonic vibration and the boundary line. The deformation of the wire during this step smashes the adhesion-preventing layers of the wire and the substrate, revealing fresh surfaces of them. Although the encountered fresh surfaces of the wire and the substrate adhere immediately, the probability of the encounter is gradually suppressed in the final stage of ultrasonic wire bonding due to the residues of adhesion-preventing layers accumulated in the periphery of the adhered areas. 10) The deformation of the wire during the folding step is very large. The cross-section of the wire changes from circular to bottom-flat shape. Thus, the deformation of the wire may be disturbed by work-hardening. On the other hand, the deformation will be enhanced by frictional heating. Harman and Albers have argued that the heat does not affect the bonding behavior by demonstrating successful ultrasonic bonding at liquid nitrogen temperature. 1) On the contrary, Krzanowski and Murdeshwar estimated the thermal effect by measuring the width of dislocation-loop free zone in the vicinity of grain boundaries, 3) which indicated that the effect is equivalent to annealing at 523 K for 90 ms. Maeda et al. also showed recrystallized microstructure of the Al wire developed in the vicinity of the bond interface. 10) These reports suggest that the Al wire is heated by friction up to its recrystallization temperature during bonding. Heating up to such a high temperature lowers the yield stress of Al significantly. Recrystallization also suppresses the yield stress which is once increased by work-hardening. In addition to the effects of the frictional heat on the deformation behavior of the wire, alternative deformation of the materials by ultrasonic vibration may deform them with relatively low stress due to the Bauschinger effect.
Thus, the progress in interfacial adhesion during ultrasonic bonding is explained by two mechanisms taking place sequentially, namely the slip-and-fold mechanism. In the early stage of bonding, the adhesion proceeds by the slipping mechanism, since it can proceed without pre-existing adhered areas. Once an adhered area which can endure the stress applied by the ultrasonic vibration is formed, the expansion of the area proceeds predominantly by the folding mechanism. The expansion rate of the adhered area will be high at the beginning of the folding step and then the rate will be gradually lowered as the adhered area expands.
Experimental Procedure
The ultrasonic bonding apparatus prepared for the present study is schematically illustrated in Fig. 1 . The apparatus was equipped with a 60 kHz ultrasonic transducer, a linear motor for applying various bonding force, a laser-Doppler vibrometer, a laser displacement sensor, and a high-speed digital video camera. The wedge tool attached to the transducer was made of cemented carbide and had a V-grooved chucking face. The wedge tool holds a wire by applying the bonding force perpendicular to the wire axis. The laser-Doppler vibrometer monitored the ultrasonic vibration behavior at the tip of the wedge-tool with the sampling rate of 2560 kHz. Unfortunately, the amplitude of vibration at the interface between the wire and substrate was quite difficult to monitor. Although the amplitude at the interface is known to be lower than that at the tip of the wedge tool, the position was selected as the monitorable position at which the vibration behavior is in the closest relation with that at the interface. The laser displacement sensor measured the displacement of the wedge tool to the direction perpendicular to the bond interface with the sampling rate of 100 kHz. Since the wedge tool is sufficiently rigid, the displacement can be related solely to the change in the height of the wire. The deformation of the wire is represented by this value. It should be noted that, however, the actual elastic or plastic strain at each part of the wire is not homogeneous. The highspeed video microscope observed the expansion behavior of the adhered area from the back of the substrate with the frame rate of 1000 fps (1 kHz). Thus, a cumulative photogene of 60-cycles-motion was recorded on one frame of the video. The frame rate was obviously insufficient. Unfortunately, it was the highest at this moment with a good image resolution to analyze the adhered area.
In general wire bonding, fully annealed wires are used in order to enhance the expansion of the adhered area and to suppress the damage of the semiconductor substrates. In the present study, on the contrary, as-drawn (i.e., work-hardened) Al wires of which diameter and nominal purity were 300 µm and 99.9%, respectively, were used in order to slow down the deformation behavior of the wire to a level detectable with the measuring systems described above. On the other hand, three types of substrates were prepared, namely AlSi, SiO 2 and Si substrates. The AlSi substrates were 1.5-µm-thick Al-1 mass%Si alloy films deposited on 0.6-mm-thick Si substrates, which are similar to pads on power electronic devices. The SiO 2 substrates were high-purity SiO 2 glass disks of which diameter and thickness were 20.91 and 3.00 mm, respectively. They were employed to make it possible to observe the adhesion behavior at the interface from the back of the substrates. The Si substrates were 1.00-mm-thick Si single-crystal chips cut into a size of 5.0-mmsquare. The Si substrates were first used in the preliminary study. Although the combination of Al wire and SiO 2 substrate is different from that of practical wire and electrode-pad on a semiconductor chip, the deformation of the wire and expansion of adhered area during the ultrasonic bonding process will be fundamentally the same as described in the previous chapter. Therefore, the knowledge to predict and control the deformation behavior of wire in practical combination of materials can be obtained by measuring the behavior of those employed in the present study. Bonding experiment was implemented in ambient temperature and atmosphere using a bonding sequence described in Fig. 2 . A constant bonding force in the range from 1.0 to 7.0 N was applied to the wire at first. The wire was kept pressed on the substrate for 300 ms to damp the vibration generated by the impact of the bonding force. Then, the ultrasonic vibration was applied for 200 ms. The ultrasonic power was set at a constant value between 0.25 and 3.0 W. Finally, the bonding force was unloaded 1000 ms after finishing the application of the ultrasonic vibration. This long holding time was introduced to homogenize the temperature distribution in the wire caused by application of ultrasonic vibration. The changes in the vibration behavior, wire height, and bond area were monitored with the laser Doppler vibrometer, laser displacement sensor, and high-speed video microscope, respectively, throughout the bonding operation. Figure 3 shows a typical displacement behavior of the wedge tool to the direction perpendicular to the bond interface during ultrasonic bonding of Al wire to Si substrate under the ultrasonic power and the bonding force of 2.0 W and 3.0 N, respectively. The wedge-tool moves immediately toward the substrate for "z F by applying the bonding force. The displacement does not proceed further after achieving "z F , i.e., the wedge-tool is kept at a constant position until the ultrasonic vibration is applied. By applying the ultrasonic vibration, the displacement of the wedge-tool restarts. The displacement rate is high in the beginning and gradually lowered down. The displacement stops after achieving "z max (= "z F + "z U ) even if the ultrasonic vibration is still applied. In some bonding conditions with short application time of ultrasonic vibration, ultrasonic vibration ends before the deformation saturates. In such cases, the displacement stops at the time ultrasonic vibration ended. At the end of ultrasonic vibration, the wedge-tool does not spring back toward the balancing point with the bonding force (z = "z F ). This phenomenon indicates that the displacement induced by ultrasonic vibration ("z U ) consists of only plastic deformation of the wire, i.e., it does not contain elastic component. This deformation behavior is clearly different from that occurs by increasing static bonding force. When the bonding force is unloaded, the wedge tool springs back for "z E . The value of "z E corresponds to the elastic component of deformation conserved in the wire after the application of ultrasonic vibration. Figure 4 shows the dependence of "z F , "z U and "z E on the bonding force at a constant ultrasonic power of 1.0 W. The absolute values of "z F and "z E increase proportionately with the bonding force, obeying the Hooke's law. Thus, the deformation behaviors at these stages consist of elastic component. On the other hand, the absolute value of "z U increases at first and then turn to decrease by increasing the bonding force, showing a maximum deformation ("z U max ) at 3.0 N. Although the amplitude of ultrasonic vibration will be large at a condition with a low bonding force, the frictional force applied to the wire and the substrate by ultrasonic scrubbing is weak. Thus, it will require a long time to remove the bond-preventing surface layer and to form an initial adhesion, which is required for macroscopic wire deformation by folding. At a condition with a high bonding force, the frictional force will be large enough to remove the bondpreventing layer. However, the large frictional force also constrains the scrub motion. To form an initial adhesion, the newly exposed surfaces have to be moved for a certain distance to meet with the fresh surface on the counter side. Therefore, the suppression of vibration amplitude will suppress the probability of formation of the initial adhesion. The condition at which "z U max is achieved will correspond to the boundary of microslip and gross-sliding proposed by Lum et al., 5) since the condition satisfies both the strong frictional force and large frictional motion simultaneously. The bonding force has an optimum value which depends on the ultrasonic power to be applied. Figure 5 shows the dependence of "z F , "z U and "z E on the ultrasonic power at a constant bonding force of 3.0 N. It is clearly seen that "z F and "z E appear constant at every ultrasonic power investigated, whereas "z U increases by increasing the ultrasonic power. It is easily understood that "z F is constant under a constant bonding force. The change of "z U depending on the ultrasonic power, showing the transition from microslip to gross-sliding at the ultrasonic power between 0.5 and 1.0 W, is also an expected behavior as explained above. On the other hand, "z E was expected to change depending on the work-hardening of the wire induced by plastic deformation during ultrasonic vibration ("z U ). This result implies that the wire is not work-hardened by the deformation of "z U .
Results and Discussion
It is revealed that "z U consists of only plastic component which is not accompanied by work-hardening. The temperature change of the wire during ultrasonic bonding has to be taken into consideration to understand why the Al wire is not work-hardened. The wire is heated by friction and plastic deformation during applying the ultrasonic vibration. An evidence of the temperature change is observed in Fig. 4 . The absolute value of the gradient of "z F appears larger than that of "z E . The gradients of "z F and "z E collaterally indicate the elastic modulus of the Al wire before and after applying the ultrasonic vibration, respectively. Therefore, the difference in these two gradients imply the change in the elastic modulus by heating 16) during applying the ultrasonic vibration. Although the peak temperature of the wire in the vicinity of the interface may change depending on the bonding force, unloading the bonding force one second after finishing the application of ultrasonic vibration gives the Al wire an enough time to homogenize and to converge the temperature into a similar value slightly higher than the room temperature. Due to this temperature conversion, the dependence of "z E on the bonding force appears proportional. Figure 6 shows the displacement behavior of the wedge tool during ultrasonic bonding of Al wire to SiO 2 substrate under the condition of 2.0 W, 3.0 N. The behavior appears almost the same with that shown in Fig. 3 except one point. The spring back of the wedge-tool by unloading the bonding force ("z E ) in the case of the SiO 2 substrate is obviously lower than that of the Si substrate. It should be noted that the surface of Si substrate is covered by a native oxide layer, i.e., amorphous SiO 2 . Therefore, the chemical interaction of the substrates with the Al wire will be the same. In addition, the surface roughness of SiO 2 substrates is similar to that of Si substrates. Similarities in these points appear in the deformation behavior of the Al wire as the similar values of "z F and "z U . On the other hand, the difference in "z E corresponds to the elastic strain remaining in the Al wire after application of ultrasonic vibration. Since the thermal conductivity of SiO 2 is lower than that of Si by two orders of magnitude, 17) the Al wire is heated to a higher temperature. Due to this effect, the value of "z E in the case of the SiO 2 substrate is suppressed. Figure 7 shows the displacement behavior of the wedge tool during ultrasonic bonding of Al wire to AlSi substrate under the same condition with that shown in Fig. 6 . It is clearly observed that the behavior is similar also in the case of AlSi substrate. By changing the substrate from Si to AlSi, two points appear different. One is that the wire deformation during applying ultrasonic vibration is not saturated within the time of 200 ms. The other point is that the value of "z U is significantly low in the case of AlSi substrate. These facts indicate that the deformation of the Al wire proceeds slowly when the AlSi substrate is used. To understand the differences appeared in the deformation behavior of the wire by changing the substrate material, the differences in surface state and deformability (hardness) between AlSi and Si substrates has to be considered. The surface of AlSi substrates are rough compared to Si, and covered by amorphous Al 2 O 3 which is more chemically stable than SiO 2 . These factors make the adhesion difficult. On the other hand, the AlSi substrate is softer than Si substrate. This factor will have both positive and negative effects on the adhesion behavior. To break the bondpreventing layer covering the surface of the substrate will be easy. However, the surface of AlSi substrate will be dragged by the ultrasonic motion of the wire, i.e., the relative sliding amplitude between the wire and the substrate will be suppressed. Although the easy breakage of the bondpreventing layer can compensate the difficulty of adhesion caused by the surface state of AlSi substrate, the suppression of the relative sliding amplitude will play the key role in slowing down the deformation rate. Figure 8 shows the expansion behavior of the adhered area during ultrasonic bonding of Al wire to SiO 2 substrate under the condition of 1.0 W, 3.0 N. The interface at seven representative stages in the ultrasonic bonding process observed from the back of the SiO 2 substrate, as schematically illustrated in Fig. 8(a) , are depicted. The trapezoids observed on both sides of the wire are the bottom surfaces of the wedge-tool. The area in contact at the initial state is almost negligible, as shown in Fig. 8(b) . By loading the bonding force, small contact areas appear arrayed along the axis line of the wire, as shown in Fig. 8(c) . The wire appearing almost the same as the initial state indicates that the deformation of the wire by loading the bonding force is very little. Figure 8(d) shows the interface after applying the ultrasonic vibration for 10 ms. The contact areas are merged into a lenticular area appearing in a monotonous contrast of which width has expanded to 105 µm. This area is considered as the adhered area. In addition, the wire surface appears blurred, indicating that the wire is vibrating with a considerably large amplitude. On the other hand, the boundary line and interior of the contact area are sharply observed, indicating that the contact area of the wire is not sliding on the substrate with a large amplitude like the other part of the wire. Therefore, a high stress will be concentrated at the boundary of the adhered area to facilitate the plastic deformation of the wire. Figures 8(e) and 8(f ) correspond to the state of the interface after applying the ultrasonic vibration for 50 and 150 ms, respectively. The length of the adhered area along the wire axis appears almost unchanged, whereas the width keeps expanding to 179 and 222 µm, respectively. Therefore, the expansion of the adhered area proceeds to the direction perpendicular to the ultrasonic vibration. At these stages, the image of the wire surface become sharp, indicating that the vibration of the wire is constrained by the adhered area. Figures 8(g ) and 8(h) correspond to the state of the interface after finishing the application of ultrasonic vibration and unloading the bonding force, respectively. The adhered area does not change by these operations of ultrasonic bonding. A decrease of the adhered area might be expected after unloading the bonding force, since the displacement of the wedge-tool shows a spring-back for "z E at this stage. Therefore, this result suggests that the elastic deformation of the wire has little effect on the expansion of the adhered area. Figure 9 shows the relationship among the amplitude at the wedge-tool tip, the displacement of the wedge-tool, and the expansion of the adhered area measured simultaneously during ultrasonic bonding of Al wire with SiO 2 substrate under the condition of 1.0 W, 3.0 N. The adhered area increases rapidly by applying ultrasonic vibration at first and then gradually slows down. This is very similar to the displacement behavior of the wedge-tool. Therefore, the displacement of the wedge-tool can represent the adhered area formed by ultrasonic bonding. This knowledge is important, since the bond interfaces of practical electronic devices cannot be observed from the back of the substrates. On the other hand, the amplitude evolution of the wedgetool tip is difficult to correlate with the adhered area expansion. For example, the amplitude shows a significant decrease at ultrasonic vibration time of 30 ms. However, no significant change in the adhered area expansion behavior is observed.
Summary
The deformation behavior of Al wires during ultrasonic bonding to AlSi, Si or SiO 2 substrates were investigated in detail by laser displacement sensor, laser Doppler vibrometer, and high-speed video microscope. The following points became clear.
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